Magnetic resonance imaging (MRI) provides an in vivo assessment of cortical and subcortical regions affected in Parkinson's disease (PD). This review summarizes the most important conventional and non-conventional MRI techniques applied in this field. Standard neuroimaging techniques have played a marginal role in the diagnosis and follow-up of PD, essentially being used only to discriminate atypical syndromes from PD, to exclude secondary causes such as vascular lesions, and to confirm the absence of specific imaging features found in atypical parkinsonisms. However, non-conventional MRI techniques, i.e. new neuroimaging approaches such as magnetic resonance spectroscopy, diffusion tensor imaging, and functional MRI, may allow the detection of structural, functional and metabolic changes useful not only for differential diagnosis, but also for early diagnosis and outcome and treatment monitoring in PD. In addition, we illustrate the advantages of high-field MRI over lower magnetic fields, highlighting the great potential of advanced neuroimaging techniques. 
Introduction
Parkinson's disease (PD) is a degenerative neurological disorder that is characterized by progressive loss of dopaminergic neurons in the substantia nigra (SN). Idiopathic PD has an incidence of about 85% and is more common than the familial, autosomal hereditary form, which has an incidence of up to 15% (Weintraub et al., 2008 ). An increasing prevalence of PD can be Differences between conventional and nonconventional MRI techniques in Parkinson's disease detected in advanced age: 1% among 60-year-olds and 3% among 80-year-olds (Di Napoli et al., 2007) . The pathological process leading to PD begins decades before the typical motor symptoms appear, and by the time the diagnosis is made, about 70% to 80% of striatal dopamine (DA) (Bohnen et al., 2006) and at least one-third of SN neurons (Greffard et al., 2006) and striatal dopaminergic fibers (Marek and Jennings, 2009 ) are already lost. The four primary symptoms of PD are rigidity, bradykinesia, postural instability and tremor, and they are characteristically asymmetric at onset. PD usually affects people over the age of 50 years. Early symptoms of PD are subtle and occur gradually. As the disease progresses, the tremor may begin to interfere with daily activities. Other symptoms may include depression and other emotional changes. Dementia is twice as prevalent in PD patients as in age-matched controls (Jellinger et al., 2002) . Until recently, the diagnosis of PD was based essentially on clinical criteria, such as the findings of akinetic rigid syndrome usually with asymmetric onset, resting tremor, and a sustained, good response to levodopa (Schapira, 2006) . Standard neuroimaging techniques have played a marginal role in the diagnosis and follow-up of PD and definitive diagnosis is confirmed by postmortem examination of patients' brain tissue (Taylor and Counsell, 2006) . The value of conventional magnetic resonance imaging (MRI) is still not clear, because the technique is not sensitive enough to detect the anatomical and functional changes induced by PD, especially in the very early stages and in dubious cases. Indeed, in these cases, the MR examination may be negative and the diagnosis based only on neurological evaluation and assessment of therapeutic response. Structural MRI may give normal findings in patients with idiopathic PD, even those with a long disease duration. Standard MRI is essentially used to distinguish atypical syndromes from PD, to exclude secondary causes such as vascular lesions, and to confirm the absence of specific imaging features found in atypical parkinsonisms (Schrag et al., 2000) . However, new neuroimaging approaches may make it possible to study more specifically the progression of nigral degeneration. In particular, neuroimaging techniques, such as MR spectroscopy (MRS), diffusion tensor imaging (DTI), and functional MRI (fMRI) have improved the quantification of neuronal damage and offer the possibility of directly measuring the brain's status and activity. One of the main advantages of high-field MRI is its high spatial resolution and consequent greater and more accurate anatomical definition. In addition, while mag-netic susceptibility artifacts due to the iron selectively deposited in the SN are enhanced by higher magnetic fields, quantification of iron deposits, using the relaxometry technique, greatly benefits from such fields. The following review aims to provide a brief summary of investigations relating to the early diagnosis of PD and the quantification of the pathological process of the disease, focusing on the use of advanced MRI techniques such as MRS, DTI, and fMRI, recently introduced into the assessment of PD patients. A literature search was conducted in the online databases of PubMed, ISI Web of Knowledge, DIMDI and COCHRANE, as well as in specialized databases and journals (Tables I and II) .
Conventional magnetic resonance imaging
Over the past decade various studies set out to investigate nigral degeneration in PD using conventional MRI. Several authors used T2-weighted MR images (Pujol et al., 1992) , proton density-weighted spin echo images, inversion-recovery images (Oikawa et al., 2002) , or multishot diffusion-weighted imaging (Adachi et al., 1999) in order to determine the area of the SN for group comparisons, and reported contradictory results. Other groups exploited the paramagnetic effect of increased nigral iron content in PD patients (Dexter et al., 1989) , measuring T2 and T2* relaxation times (Gorell et al., 1995) and finding significant differences between PD patients and control subjects. Iron promotes important metabolic processes in the brain, which may ultimately result in neuronal death (Barja, 2004) . A recent study, using a 1.5 T MRI scanner, reported increased iron content in the SN pars compacta in PD subjects. The most marked changes were found in severe disease, which suggests that measurement of regional iron content in the SN may provide an indication of the severity of the disease (Martin, 2009) . It is also possible to evaluate brain iron deposition in vivo using high-field strength spin-echo T2-weighted MRI (Graham et al., 2000) . However, technical limitations of the scanners, due to the intrinsic characteristics and small size of the anatomical structures involved in A. Baglieri et al.
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Functional Neurology 2013; 28(2): 73-82 H MRS 3 T The Glu/Cr ratio was reduced in PD patients compared with controls, a finding not reported in previous studies performed at 1.5 T.
Abbreviations: PD=Parkinson's disease; MSA=multiple system atrophy; PSP=progressive supranuclear palsy; MRI=magnet-ic resonance imaging; fMRI=functional magnetic resonance imaging; DTI=diffusion tensor imaging; 1 H MRS=proton magnetic resonance spectroscopy; 31 P MRS=phosphorus magnetic resonance spectroscopy; DESPOT1=driven-equilibrium singlepulse observation of T1; SN=substantia nigra; SMA=supplementary motor area; NAA/Cr=N-acetylaspartate/creatine; Cho/Cr=choline/creatine; Glu/Cr=glutamate/creatine; GenA=generation of action verbs; ON=Object Naming; GenAMBO=generation of action verbs with manipulable biological objects; ONMMO=object naming with man-made objects the disease, make MR examination particularly difficult in PD. Indeed, given the small size of the SN -in normal individuals, it usually measures just a few square millimeters -, high spatial resolution is crucial for its precise quantification. Moreover, conventional MRI may, when it gives positive findings, support a clinical diagnosis of vascular parkinsonism and may also help to distinguish this condition from PD and from other parkinsonisms. For example, there are obvious imaging changes in patients with vascular parkinsonism, mainly manifested as lacunar infarction located in unilateral or bilateral basal ganglia and in the white matter of the frontal lobe. Furthermore, ischemic changes have been seen in the cerebral peduncle and lateral cerebral ventricle. Conversely, ischemic changes are not detectable in PD (Zijlmans, 2010) . Other studies have evaluated the diagnostic value of conventional MRI in the differential diagnosis of PD, progressive supranuclear palsy (PSP) and multiple system atrophy (MSA). A recent study showed differences between PD, PSP and MSA in the morphometry of the pons area, and middle and superior cerebellar peduncles. Dimensions and cutoff values of these brain structures obtained from routine MRI may differentiate among PD, PSP and MSA with good sensitivity, specificity and accuracy (Gama et al., 2010) . In another study, an MR parkinsonism index A. Baglieri et al.
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Functional Neurology 2013; 28(2): 73-82 was calculated on the basis of the pons area-midbrain area ratio (P/M) and the middle cerebellar peduncles width-superior cerebellar peduncles width ratio (MCP/SCP), for the purpose of differentiating PSP from PD and the Parkinson variant of multiple system atrophy (MSA-P) (Fig. 1) . The authors also reported the values of brain structure measurements in PSP, MSA-P, PD patients and normal controls (Table III) . The study results showed that the MR parkinsonism index [(P/M) (MCP/SCP)] may help to distinguish patients with PSP from those with PD and MSA-P on an individual basis (Quattrone et al., 2008) . Indeed, the MR parkinsonism index value was greater in patients with PSP than in patients with PD, MSA and normal controls. Finally, a few studies using high-field conventional MRI are reported; several studies using 1.5 T MRI scanners have already given important results, especially in the in vivo evaluation of brain iron deposition and in differential diagnosis (Table I) . However, highfield MRI may provide a new and better method for investigating neurological diseases that result in alteration of brain iron levels in specific areas of the human brain; thus, high-field conventional MRI should be better investigated. Recent developments in MRI technology have led to improved contrast and resolution and are opening up new possibilities for the study of 
High-field advanced neuroimaging techniques
Non-conventional MRI techniques could be used to support clinical diagnoses of various motor disturbances, given that structural abnormalities of the pyramidal tract, basal ganglia and cerebellum are easily observed and can be measured using advanced neuroimaging techniques. High magnetic fields can benefit the non-conventional MRI techniques in particular (Péran et al., 2006) . This is especially true of fMRI, which benefits from the higher signal-to-noise ratio and increased blood oxygen level-dependent (BOLD) contrast associated with high fields. High-field fMRI studies provide high-resolution images that can be rapidly acquired and with good temporal resolution. Moreover, high-field DTI studies are better able to detect microstructural changes, particularly in white matter, while high-field MRS provides an increased signal-to-noise ratio of the artifact-free spectra, enhanced precision and sensitivity in the quantification of neurochemical metabolites, and increased spectral resolution.
MRI-based volumetric analysis
MRI-based volumetric analysis using 1.5 T scans has been used to identify focal cortical abnormalities in early PD. A recent study reported reduced white matter volume in the right temporal lobe of 26 untreated PD patients compared with 14 controls, in particular in the anterior right fusiform gyrus and superior temporal gyrus. All the patients fulfilled standard criteria for a clinical diagnosis of PD (the UPDRS motor score was 15.8±6.9; the disease duration was 3.0±1.7 years) and none were treated with levodopa or dopamine agonists. These results suggest that right anterior temporal lobe changes occur in untreated PD patients. The earliest changes may occur in subcortical white matter rather than the temporal cortex (Fig. 2, over) . No similar studies are reported in the literature. Volumetric studies with 3 T MRI have clearly documented morphological changes in the SN and basal ganglia nuclei. In particular, the whole-brain volume and the volumes of the caudate, putamen, globus pallidus, and SN were calculated on three-dimensional reconstructed images, with the aim of evaluating the ability of high-field MRI-based volumetric analysis to detect morphological changes in these cerebral regions and to investigate the relationship between severity of clinical findings and degree of morphological change. A recent study reported a significantly decreased putamen volume in patients with early PD and advanced PD compared with normal controls. Thus, high-field MRI-based volumetric measurement is a sensitive method for the in vivo assessment of morphological changes in PD. The putamen atrophy was found to be correlated with the severity of clinical findings. This finding could prove valuable for the early diagnosis of PD as the volumetric measurement of the putamen could potentially be a useful indicator of PD in the early stage of the disease (Geng et al., 2006) . MRI volumetric studies performed using 1.5 T scanners allowed the detection of structural alterations in the basal ganglia but significant volume loss became obvious only in the advanced disease stages. Moreover, MRI studies measuring the width of the SN demonstrated loss of signal in a lateral to medial gradient in PD, correlating with conventional clinical measures of disease severity, but only in a small number of patients. Thus, these results show that morphological changes in PD exist, and, in particular, that the greater sensitivity and higher tissue contrast of MRI at higher magnetic fields may, compared with MRI at lower magnetic fields, lead to stronger and more robust findings of brain atrophy in PD (Schuff, 2006) .
Functional magnetic resonance imaging
Functional imaging techniques are useful tools for the in vivo assessment of functional connectivity in PD. In activation studies using fMRI, the BOLD signal is detected as an indirect marker of neuronal activity. Functional imaging techniques have been applied to infer the potential role of inflammation and other factors in the etiopathogenesis of PD, as well as to study compensatory and regulatory mechanisms in early PD and subclinical disease in genetic forms of PD. Functional imaging can provide meaningful insights into mechanisms underlying various aspects of motor and non-motor dysfunction in PD and the role of striatal dopaminergic transmission in behavioral processes beyond motor control (Nandhagopal et al., 2008) . Functional MRI, compared with positron emission tomography (PET), is characterized by higher spatial and temporal resolution, better availability and absence of radiating isotopes. Measurement of BOLD fMRI signal increases allows the functional networks in PD and their pharmacological modulation to be analyzed with high spatial and temporal resolution in comparison with PET (Sabatini et al., 2000) . Therefore, high-field MRI makes it easier to study cortical activation in PD. Moreover, fMRI data can be correlated to structural studies at the level of the mesencephalon and basal ganglia. The identification of activated cortical areas during fMRI may make it possible to track corticostriatal circuit fibers and to quantify their possible depletion in PD (Péran et al., 2006) . Functional MRI with a 1.5 T scanner has been used in in akinetic PD patients and healthy subjects to study cortical activation changes induced by performance of a complex sequential motor task. Compared with the normal subjects, the PD patients exhibited a relatively decreased fMRI signal, specifically in the rostral part of the supplementary motor area (SMA) and in the right dorsolateral prefrontal cortex. These fMRI data confirm that the frontal hypoactivation observed in PD patients is restricted to these areas (Sabatini et al., 2000) .
Conventional and non-conventional MRI techniques in PD
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The increased and more accurate high-field fMRI BOLD signal allows better investigation of cortical activation patterns not only during complex motor tasks but also during complex cognitive tasks. A recent study, for example, because of PD patients' difficulty in producing verbs in a word generation situation, investigated the neuronal substrates of action-related word production, using an fMRI paradigm with a 3 T scanner. Comparison of the distribution of brain activities during two tasks, the object naming (ON) and the generation of action-verbs (GenA), revealed slight differences located above all in the premotor and prefrontal cortices (Péran et al., 2009 ). In the ON task, the main activations were observed bilaterally in the frontal cortex, superior temporal cortex, supplementary motor area, inferior occipital cortex, fusiform gyrus, lingual gyrus and cerebellum. A very similar activation pattern was observed for the GenA task: the only differences were greater activation in the fronto-temporal cortices and in the left inferior and superior parietal cortex (Fig. 3) .
Diffusion tensor imaging
Diffusion tensor imaging offers a unique window onto the connectivity changes, extending beyond the basal ganglia, that accompany the cognitive symptoms of PD. The main purpose of this imaging technique is to assess the microstructural cerebral white matter damage occurring in idiopathic PD. Several DTI studies, using 1.5 T scanners, demonstrated that widespread microstructural damage to frontal and parietal white matter is already present in the early stages of PD (Gattellaro et al., 2009) .
In particular, a recent study provided evidence for widespread microstructural abnormalities extending beyond the basal ganglia in PD patients without dementia, occurring bilaterally in the genu of the corpus callosum, in the superior longitudinal fasciculus, and in the cingulum. Nevertheless, the abnormalities observed in this study did not differentiate PD patients from control subjects (Gattellaro et al., 2009 ).
Functional Neurology 2013; 28(2): 73-82 Diffusion tensor imaging studies using high-field MRI have shown this advanced technique to be capable of detecting regional and specific alterations in the microscopic integrity of the white matter and basal ganglia known to be involved in PD pathology. An association between diffusion abnormality, PD severity and parkinsonism subtype was hypothesized. In particular, in a very recent study, reduced fractional anisotropy was found in PD subjects in regions related to the precentral gyrus, SN, putamen, posterior striatum, frontal lobe, and SMA. Reduced fractional anisotropy in the SN correlated with increased rating scale motor scores (Fig. 4, over) . Significant spatial correlations between fractional anisotropy alterations in the putamen and other PD-affected regions were also found in the context of PD subtypes fractional anisotropy index analysis. Thus, microstructural alterations detected with high-field DTI might be considered potential biomarkers for PD (Zhan et al., 2012) .
Moreover, a recent study demonstrated that combination of the driven-equilibrium single-pulse observation of T1 (DESPOT1) quantitative imaging method with high-field DTI provides images allowing easy identification of the SN and is a useful tool for accurate segmentation of the SN based on its connectivity. Specifically, the DESPOT1 method allows a clear visualization of the SN as a whole. Volumetric comparisons between PD patients and healthy subjects revealed significantly smaller volumes in patients for both the left and the right sides when the whole SN was considered. This model that combines SN volumetry and SN connectivity with the thalamus improved the sensitivity to 100% and specificity to 80% for PD patients. Thus, DESPOT1 and high-field DTI, in combination, provide a useful set of markers for differentiating PD patients from healthy subjects (Menke et al., 2009 ).
Magnetic resonance spectroscopy
Proton MRS ( 1 H MRS) is a useful non-invasive method for studying central nervous system pathologies that allows in vivo investigation of cerebral metabolites. The main metabolite signals detected by 1 H MRS include N-acetylaspartate (NAA; an amino acid contained almost exclusively within neurons), choline (Cho; a metabolite involved in phospholipid membrane synthesis), myo-Inositol (mI; a metabolite contained in glial cells), and creatine (Cr; a cellular energy buffering system). These metabolites provide information that cannot be derived from structural MRI. NAA is a putative marker of neuronal integrity. Cr is a key energy metabolite and, therefore, a possible indicator of defective energy metabolism. Altered neuronal membrane synthesis and degradation can result in changes in Cho. Finally, several processes, including gliosis, observed in neurodegenerative disorders are suspected to manifest as changes in mI (O'Neill et al., 2002) . Brain regions where these markers might be found include the SN, basal ganglia (putamen, caudate, globus pallidus, and thalamus), and motor and prefrontal association cortices, and changes in these metabolites might also be visible in the early stages of PD. Several quantitative MRS studies with PD patients, using 1.5 T scanners, have yielded ambiguous results. Compared with controls, one 1 H MRS study (Heerschap et al., 1993) , while another study found increased NAA/Cr in the same region (Choe et al., 1998) . A recent study, using a 1.5 T scanner, confirmed the hypothesis that NAA concentrations in the basal ganglia in MSA and PSP would show differences compared with PD, specifically in the pallidum, putamen and lentiform nucleus. These findings support the hypothesis that MRS can potentially quantify basal ganglia cellular pathology in MSA and PSP and differentiate these diseases from PD (Guevara et al., 2010) . Moreover, another study demonstrated a reduced NAA/Cr ratio in the putamen that correlated well with the severity of parkinsonism and it was remarked that 1 H MRS may also be useful in monitoring patients with various types of parkinsonism (Abe et al., 2000) . 1 H MRS shows considerable potential as a tool for monitoring pharmacological therapy in PD patients. A study investigating neurochemical and metabolic changes in the motor cortex in a group of de novo PD patients before and after six months of dopamine agonist treatment reported lower Cho/Cr and NAA/Cr ratio values in the motor cortex of PD patients compared with controls. After six months' therapy, the PD patients showed improved motor performances and increased Cho/Cr ratios in the motor cortex. Thus, this study demonstrated that cortical NAA/Cr and Cho/Cr ratios may be impaired in de novo PD patients and that dopaminergic therapy able to improve motor function may restore the Cho/Cr ratio in the motor cortex (Fig. 5) (Lucetti et al., 2007 Moreover, a recent high-field 1 H MRS study documented changes in the metabolite glutamate (Glu) that have not been reported in previous studies performed at 1.5 T. Glu plays a key role in long-term potentiation and is important for learning and memory. In particular, this study showed that the Glu/Cr ratio was reduced in PD patients compared with controls (t=2.54; p=0.019), whereas no differences were observed in NAA/Cr or Cho/Cr ratios. These findings suggest that a reduction in Glu occurs in the cerebral cortex of PD patients (Griffith et al., 2008) .
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Concluding remarks
A PD diagnosis based on clinical evaluation may be influenced by examiner variability and potential incorrect diagnoses can impact negatively on the outcomes of therapeutic interventions and clinical trials. Thus, the development of neuroimaging techniques is critical to confirm the diagnosis and to assess disease progression and pharmacological treatment. MRI is a non-invasive objective method of assessing in vivo the structure and function of cortical and subcortical regions affected in PD. Nevertheless, using 1.5 T magnetic field, structural and functional alterations in basal ganglia become obvious only in the advanced disease stages. Recent advances in high-field MRI technology (3 T and higher), compared with lower field MRI, provide increased signal sensitivity and higher tissue contrast intrinsic to the brain, and thus offer new opportunities for assessing brain alterations in PD. High-field MRI may allow greater detection of abnormalities in cortical and subcortical brain structure volume, white matter regional and specific microstructural alterations, and metabolic brain changes even in the early stages of the disease, and may differentiate PD from other parkinsonisms with increased sensitivity and specificity. Indeed, the advanced neuroimaging techniques, such as fMRI, DTI and MRS, greatly benefit from highfield MRI, providing imaging markers for the early diagnosis of PD, predicting the rate of disease progression, assessing and monitoring neuroprotective and disease-modifying pharmacological interventions, and also allowing a more accurate differential diagnosis and outcome evaluation in parkinsonisms. Each spectrum -(A) of a patient at baseline; (B) of the same patient after 6 mo of pergolide therapy -shows the peaks corresponding to the main brain metabolites N-acetylaspartate (NAA), choline (Cho), myo-Inositol (mI), and phosphocreatine/creatine (Cr). From: Lucetti et al., 2007 (used with permission) A B © C I C E d i z i o n i I n t e r n a z i o n a l i
